Abstract-3D ultrasound imaging is costly and complicated mostly due to the need of controlling 2D probes with high numbers of elements ( 1024). Sparse arrays are a convenient way to reduce system complexity maintaining reasonable performance. A 256-element density tapered spiral array has been recently designed and realized in a piezoelectric probe prototype. The probe has been connected to the ULA-OP 256 open scanner, which can be programmed to permit volumetric scanning in real-time. This paper reports on the first experimental measurements of transmit ultrasound fields produced by such prototype system, including multi-line transmit fields that, in combination with parallel receive beamforming, may permit real-time volumetric imaging. An average -21.3dB side-lobe level (SLL) was measured on the transmit fields, while volume rates of 35 volumes per second can be achieved.
I. INTRODUCTION
Nowadays, ultrasound research is widely dedicated to the development of 3D imaging methods and systems. However, the extension from 2D to 3D implies a tremendous increase in system complexity. This is especially true for channel count, since a simple 2D to 3D extension of standard imaging modes would yield systems and probes with thousands of active channels.
Experimental tests of novel 3D imaging methods are hardly feasible with machines intended for the general market, while they can be performed with special research systems [1] - [5] . These systems can now work with up to 1024 channels, but further extension of this number is not foreseen considering the corresponding probe cable size that would be needed.
Sparse arrays, characterized by a limited number of elements "sparsely" distributed over the available aperture, are optimal candidates to reduce the system complexity, provided they maintain reasonable imaging performance [6] , [7] . This goal may be achieved by properly designing the elements distribution according to deterministic or nondeterministic criteria [8] . The former includes arrays having a geometry based on a spiral pattern [9] . This approach, which is applied here for the first time to a piezoelectric probe, can be used for CMUT arrays as well [10] . This paper reports the experimental results of a 3D prototype system composed by a novel piezoelectric spiral array connected to the ULA-OP 256 open scanner. Section II introduces the methodologies used to perform the tests, Sec. III reports the results and related discussion, while conclusions can be found in Sec. IV.
II. METHODS

A. Probe construction and integration with the ULA-OP 256
The probe [11] was built with PZT-on-PCB technology in which the distribution of the 256 elements was based on a density tapered spiral [9] . The original random element positions of [9] were snapped onto a 220x220 μm grid to enable conventional transducer dicing in the production phase. The aperture diameter was 16 mm and working frequency was 5.5 MHz. All elements were directly wired to the probe connector cable, thus having full control in transmission and reception by the ULA-OP 256 open scanner [2] . To overcome cable attenuation due to the limited element surface, the receive signals are amplified and buffered by MAX4805 high-voltage-protected OpAmps (MAXIM Integrated, San Jose, CA) mounted on custom designed regular PCBs, tightly coupled to the probe elements.
B. One-way field measurements
To evaluate the performance of the probe coupled with the ULA-OP 256 system, a series of one-way field measurements were performed. The ULA-OP 256 was configured to drive the 256 probe elements with 5 MHz, 3-cycle sinusoidal bursts at 40 Vpp. The ultrasound beams were focused at 20 mm with 9 different steering angle configurations, uniformly spaced between 0° and 16° in both elevation and azimuth planes (Table I ). An additional configuration, exploiting the linear high-power transmitters allowed the multi-line transmission of 4 concurrent beams (4MLT) [12] .For each transmit (TX) configuration, a 3D acoustic scanning system was used to measure the emitted pressure field. The system was equipped with a lipstick hydrophone (HGL-0400, Onda Corp.) and synchronized with the ULA-OP 256 operations. The measured volume had dimensions of 20×20×20 mm 3 , sampled with a resolution of 0.2×0.2×1 mm (along X, Y and Z direction, respectively) and centered at the focal point of the straighttransmit configuration (TX Set #1 in Table I ). For each measuring point, the scanning system recorded the local pressure, and the maximum temporal value was then extracted. For each set the side-lobe level (SLL) and lateral resolution were evaluated and compared to the results obtained by Field II simulations of the same setup [13] - [15] .
C. Wire phantom setup
The ULA-OP 256 system was programmed to scan a 60°×60° region of interest by means of 3600 focused scanlines using the spiral array. The operating software was configured to show in real-time two cross planes extracted from the fully beamformed volume. The probe was equipped with the MAX4805 preamplifier boards. The ULA-OP 256 system was programmed to directly provide the required high and low voltage power supplies to the pre-amplifiers. A wire phantom composed by 5 parallel 0.1 mm nylon wires spaced by 5 mm was investigated to assess axial and lateral resolution.
D. High frame-rate Setup
The ULA-OP 256 embeds a parallel multi-line beamformer [16] , which allows to generate in real-time multiple scanlines for each transmission event. Using the settings of Sec. II.C, the system was configured to beamform 16 scanlines for each emission event. The maximum achievable Pulse Repetition Frequency (PRF) was measured. Figure 1 shows the C-Scans of the 10 sets taken at the focal depth. Table I reports the measured and simulated SLL and lateral resolution.
A. One Way fields
The differences between simulations and acquisitions can be partially explained by the non-ideal pulse response of this prototype. In fact, the piezoelectric material is directly bonded to a 1.6 mm thick PCB which, besides routing the signals to the connectors, also acts as a backing substrate, whose acoustic parameters are not optimized. Moreover, there was an element-to-element variation of ±3 dB in pulse-echo, and about 5% of all probe channels were not acoustically active.
B. Wire phantom results
A cross-plane image of the wire phantom is presented in Figure 2 . Baseband beamformed data were saved and used in post-processing to evaluate the lateral and axial resolution which resulted 1.2 mm 1.2 mm respectively. Here again, the non-optimal acoustical parameters can explain the relatively poor resolution.
C. High frame-rate volume scanning
When beamforming in real-time 16 scanlines for each transmission event, the system was able to run at an 8kHz PRF. This implies that a 3600-scan-line volume can be reconstructed in real-time at 35 volumes per second. The volume could be scanned, for example, using a 4MLT-4MLA configuration, where 4 adjacent scanlines are beamformed for each one of the 4 transmitted beams.
IV. CONCLUSION
The prototype 3D system formed by the 256-element piezoelectric spiral probe and the ULA-OP 256 open scanner has been preliminarily tested. The system can produce a live volume rate of 35 frames per second. Although the imaging performance is still below the simulation results, these preliminary results show that the prototype system can act as a platform to further develop high frame rate imaging with spiral probes.
